In relaxor ferroelectrics, the role of randomly orientated polar nanoregions (PNRs) with weak random fields (RFs) is one of the most puzzling issues of materials science. The relaxation time of polarization fluctuations of PNRs, which manifests themselves as a central peak (CP) in inelastic light scattering, is the important physical quantity to understand the dynamics of PNRs. Here, the angular and temperature dependences of depolarized and polarized CPs in 0.44Pb(Mg 1/3 Nb 2/3 )O 3 -0.56PbTiO 3 single crystals with weak RFs have been studied by Raman and Brillouin scattering, respectively. The CPs observed in Raman scattering show the very clear angular dependence which is consistent with the local tetragonal symmetry. It is different from the well-known local rhombohedral symmetry with strong RFs for Pb(Mg 1/3 Nb 2/3 )O 3 . In Brillouin scattering, depolarized and polarized CPs show two relaxation processes corresponding to transverse and longitudinal fluctuations of PNRs. The remarkable slowing down towards the Curie temperature was observed for transverse fluctuations in local tetragonal symmetry.
study on PMN-60PT showed very small diffuse scattering, suggesting the absence of static PNRs 13 . However, the diffraction method cannot detect dynamic PNRs. In addition, some phenomena typically related to the relaxation of dynamic PNRs, namely, the intense Brillouin quasielastic scattering, the softening of the longitudinal acoustic mode, and the deviation from the Curie-Weiss law above the Curie point were observed in PMN-55PT [14] [15] [16] . Very recent Raman scattering study on a PMN-56PT single crystal also revealed the existence of PNRs 17 . In this situation, another approach may be to investigate the dynamics of PNRs with weak RFs and corresponding relaxor properties in more detail.
Since the polarization fluctuations of PNRs manifest themselves as a central peak (CP) in a low-frequency inelastic light scattering (ILS) spectrum, therefore, a CP is important to understand the dynamics of PNRs. In this respect, low-frequency ILS can be a very useful tool, because it is very sensitive to local symmetry breaking related to heterogeneity among the few techniques that can be used to directly probe the local symmetry and structure. Therefore, to identify the local structural symmetry of PNRs, the angular dependence of Raman scattering (one of ILS) combined with Raman tensor analysis can be a very powerful technique, because it measures the scattering intensity with respect to the polarization direction of an incident light. Recently, the local symmetry of CPs and some other Raman modes in a paraelectric cubic phase related to rhombohedral PNRs were identified by the angular dependence of Raman scattering in Li-doped KTN 18 and PMN 19 single crystals. The angular dependences of Raman spectra of PT and PMN-33PT were also measured in the tetragonal phase to identify the symmetry of the modes 20, 21 . Very recently, the phase coexistence in the PMN-xPT close to MPB composition has been inferred from the inspection of the angular dependence of Raman scattering 22 . However, as far as we know, the angular dependence of the Raman spectra of PT rich PMN-xPT, especially focusing on CPs, in a paraelectric cubic phase is not reported yet.
To observe the variation of the diagonal and off-diagonal elements in the Raman tensor in the vicinity of a phase transition point, it is necessary to measure both the polarized (VV) and depolarized (VH) scattering separately 18 . So far, the low-frequency ILS studies on a phase transition have been performed by using VV or unpolarized light scattering 14, [23] [24] [25] [26] [27] [28] . Above the Curie temperature, very few earlier studies observed the strong VH scattering spectra [29] [30] [31] . Y. Nakata et al. carried out VV and VH scattering of a phase transition by Brillioun scattering in PZN-11PT single crystals 29 . They observed a strong VH-CP in the vicinity of a phase transition temperature, and ascribed its origin to a E-symmetry polarization fluctuation of PNRs. In pure PZN, Y. Gorouya et al. observed almost the same intensity in both the VH-and VV-CPs 32 and they discussed the slowing down mechanism towards the transition point only by the results obtained from the VH-CP.
The dynamic pair distribution function (PDF) of PMN observed by pulsed neutron inelastic scattering indicates that the local [100] shifts are correlated in the medium range and on an average the Pb ions shift along [111] directions, therefore the PNR has rhombohedral R3m symmetry 33 . However, the composition dependences of Raman scattering 25, 26 and electric field induced polarization 34 measurements on PMN-xPT revealed that the stability of local rhombohedral symmetry is deteriorated by adding PT to PMN. From the characteristic jump of the Raman frequencies and linewidths in the frequency range 700-800 cm −1 , it was proposed that at high PT contents, the local symmetry of PNRs changes from rhombohedral 3 m to tetragonal 4 mm 25 . In addition, the first principles result showed that at high PT contents, the collinear [100] Pb atom distortions form short Pb-O bonds, maximize dipole alignment, and minimize local Pb-B cation repulsion by avoiding the Ti cations located along the [111] direction 9 . D. La-Orauttapong et al. also measured the composition dependences of neutron scattering studies on PZN-xPT and suggested that with increasing the PT content, the local polarization direction remains unchanged along [111] direction, while the static PNRs grow preferentially very closer to [100] direction 35 . In PZN and KTN, on cooling, the B-site cations was shown to restrict progressively in fewer [111] directions which results in the local tetragonal symmetry 27, 30 . However, in spite of extensive studies on the dynamical aspects of PNRs, the exact knowledge of static and dynamic features of PNRs with weak RFs and their local symmetry is still an intriguing topic. Therefore, the detailed polarization analysis on the VV-and VH-CPs in a cubic phase, which is directly related to PNRs, is important and also necessary in Pb-based perovskites with weak RFs.
In the present study, the physical origin of the CPs in two different scattering geometries has been discussed by the angular dependence of Raman scattering in a paraelectric cubic phase. In addition, the temperature dependence of Brillouin scattering has been performed to discuss the physical origin of the intense VH-CP over the VV-CP in terms of polarization fluctuations of PNRs and their slowing down mechanism.
Results
Angular dependence of CP in Raman scattering. In PMN-17PT, the ferroelectric phase transition from cubic to rhombohedral, T C-R was observed at 348 K (data is not shown here), whereas, in PMN-56PT the cubic to tetragonal ferroelectric phase transition, T C-T was 533 K (discussed in later). Therefore, to discuss the local symmetry of PNRs and the effect of Ti-concentration on local symmetry of PNRs, we measured the Raman spectrum of PMN-17PT and PMN-56PT in a paraelectric cubic phase as shown in Fig. 1 . From Fig. 1 , it is clearly seen that in the range between 400-900 cm −1 , the frequency and linewidths of each Raman mode show significant changes. On the other hand, the angular dependences of the modes within the 400-900 cm −1 are shown in Fig. 2 . It is remarkable that the modes denoted by C and D do not shows the angular dependences in PMN-17PT while in PMN-56PT these two modes show very clear angular dependences.
These two observations can be owing to the change of local symmetry upon Ti addition. Therefore, by considering the composition dependence of Raman scattering 25, 26 , first principles 9 , field dependence of polarization and strain measurements 34 , and the present Raman scattering results, it is reasonable to assume that the local symmetry of PNRs is tetragonal with the point group 4 mm. PMN-56PT single crystal. In local 4 mm symmetry, we expect that at 0 degree, VV scattering measures A 1 (z)-symmetry excitations, which is related to the ionic motion parallel to the polar axis, and VH scattering measures E(x,y)-symmetry excitations, which is related to the ionic motion on a plane perpendicular to the polar axis.
For quantitative analysis, all the Raman spectra were fitted with the assumption of a Lorentzian CP and the other vibrational peaks by spectral response functions of a damped harmonic oscillator (DHO) modified by the Bose-Einstein factor as follows 36 , here A and Δ ω are the intensity and width of CP, respectively. n(ω, T) is the Bose-Einstein population factor. A j , Γ j , and ωj are the intensity factor, damping constant and the mode frequency, respectively, of the jth optical phonon mode. The light scattering intensity of phonon modes is proportional to the response of the sum of DHO multiplied by n(ω, T) [37] [38] [39] . On the other hand, a CP is considered as a relaxation process, therefore, the light scattering intensity of relaxation processes is proportional to the sum of a Debye response multiplied by n(ω, T), and is approximated by the sum of a Lorentzian function. The Raman intensity depends on the Raman tensor and scattering geometry 38 which can be expressed as:
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where e i and e s are the unit polarization vectors of the electric field of the incident and scattered beam, respectively, while α represents the Raman scattering tensor of the studied band.
In the tetragonal symmetry, the local polarization direction in PNRs fluctuates along the equivalent [100] directions in cubic coordinates. Therefore, the Raman tensor calculations were performed with tetragonal 4 mm (C 4v ) symmetry. The observable Raman tensors in x(yz)x and x(zz)x scattering geometries in tetragonal coordinates are presented below. The quantity in parentheses represents the polarization direction of the modes. .
where R is the coordinate rotation matrix about the cubic [100] c axis,
The tetragonal symmetry has six equivalent polarization directions as shown in Fig. 4 . Here the local tetragonal regions are considered to be randomly oriented. The angular dependences of Raman spectra in cubic coordinates were calculated in multidomain state, where the contributions of all domains were summed up equally. Since the tetragonal coordinates differ from the experimental ones used for polarization rotation, the Raman tensor for 4 mm symmetry in tetragonal coordinates must be modified according to the experimental coordinates, which are equivalent to cubic coordinates. In Eq. (3), matrix C is the transformation matrix corresponding to Raman tensor modification from tetragonal to cubic coordinates. The matrix C for the six domain directions along [100] C of the local tetragonal region are given below: Similarly, for the A 1 (z) mode as
where ϕ = arg(b) -arg(a) represents a relative phase difference between two Raman tensor components of A 1 (z). The above equations are suitable to fit the rotation angle dependence of Raman scattering intensity. Therefore, it is reasonable to identify the symmetry of a mode by Eqs (4-7). The angular dependences of the VH-and VV-CPs intensities measured at 573 K, with a step interval 5 degree, are shown by the closed circles in Figs 5(a) and (b), respectively. It is clearly seen that the Raman intensities of VH-and VV-CPs strongly depend on the rotation angles. The solid lines denote the fitting results using Eqs (5) and (4), respectively.
Temperature dependence of CP in Brillouin scattering. In order to observe the quasi-elastic CP, Brillouin scattering is a very convenient probe. The presence of a CP in the Brillouin spectrum can reveal the characteristic relaxational polarization fluctuations associated with the reorientation of PNRs. In this respect, the temperature dependences of the VH-and VV-CPs were measured to investigate the relaxation process of PNRs. It is seen that the intensity of the CPs increases with decreasing temperature down to 533 K. In addition, above T B , the important feature is the strong and narrow scattering in the VV geometry accompanied by relatively very weak scattering in the VH geometry. The intensity of the VH-and VV-CPs which were obtained by fitting with the Voigt function, are displayed in Fig. 7(a) . Upon cooling, CPs show drastic changes at three characteristic temperatures: (i) the VH-CP begins to increases at about T B~6 73 K due to the appearance of dynamic PNRs, (ii) below T*~603 K, the significant increase of intensity in both components pointing out the local phase transition of PNRs; simultaneous appearance of the diffuse neutron scattering 40 allows us to associate T* with the nucleation of the permanent PNRs, and (iii) a sudden change of the intensity at T C-T~5 33 K indicates a structural phase transition from cubic to tetragonal symmetry. In our present backward scattering geometry, it is seen from Fig. 7 (a) that below T*, the intensity of the VH-CP increases rapidly while that of the VV-CP increases gradually. Therefore, the phenomenon observed here for PMN-56PT is rather exceptional and also interesting.
To describe the dynamics of the CPs, the relaxation time was determined by assuming the Debye-relaxation process as
where τ CP is the relaxation time of the CP. Temperature dependences of τ CP for both the VH-and VV-CPs are shown in Fig. 7(b) . It is found that the temperature dependence of τ CP estimated from the width of the VH-CP is larger than that from the VV-CP. It was pointed out that the semiclassical tunneling model contains the physically unreliable assumption for relaxor (the potential barrier is invariant with temperature) 28 . Therefore, we considered the modified superparaelectric model 28 , where the size of the microregions and related potentials are assumed to be temperature dependent. According to this model, the activation energy H is considered to change as H 0 (T B -T)/T B , where H 0 is the activation energy extrapolated to temperature of absolute zero. Thus, the thermal energy k B T and the relaxation time of the polarization switching τ CP are related in the following way:
The above formula suggests that the activation energy barrier separating different polarization states of PNRs is proportional to the volume of PNRs which grows upon cooling 28 .
Discussion
The periodic pattern of the scattered light intensity with the rotation angle observed for the PMN-xPT sample is attributed to the change of domain orientations relative to the polarization direction of the incident beam. Since the dependence of Raman intensity on the phase difference originates from a term which is proportional to the product of two different Raman tensor components 41 , therefore, it is seen from Eqs (4)- (7) , only the A 1 (z)-symmetry excitations will have the phase differential contributing to the susceptibility of the polarized angle. From Eq. (7), it is seen that A 1 (z)-symmetry implies zero Raman scattering intensity for the VH configuration when the incident plane of polarization is parallel (θ = 0 degree) or perpendicular (θ = 90 degree) to the polar axis. The maximum signal should occur at θ = 45 degree. In contrast, we have observed the strongest Raman signal in the VH configuration for θ = 0 degree. Therefore, the observed experimental results can be well reproduced by the Eq. (5), which was obtained by summing the intensity of E(x) and E(y) modes of PNRs. The solid line in Fig. 5(a) represents the best fitted curve by Eq. (5) which demonstrates a good agreement between the experiment and calculation, suggesting that the VH-CP can be assigned to the tetragonal E(x,y)-symmetry of PNR. In a similar way, Taniguchi et al. also assigned the local rhombohedral E(x,y)-symmetry of PNRs in pure PMN 19 . On the other hand, in VV configuration, at θ = 0 degree and 90 degree, the intensity of the A 1 (z)-symmetry should be maximum. While, at θ = 45 degree, both E(x,y)-and A 1 (z)-symmetries are active. Since, the intensity of the E(x,y)-symmetry is maximum at θ = 45 degree, therefore the angular variations show the E(x,y)-symmetry of PNRs. However, we observed a strong background in the VV scattering. The ratio between the background to maximum intensity in the VH scattering is around 8%. And the corresponding ratio in the VV scattering is around 46%. Therefore, the strong background in the VV scattering may stem from the A 1 (z)-symmetry of PNRs. We have calculated the ratio of the Raman tensor components ( b a / = 1.23) and phase difference (ϕ = 10 degree) from the strong background in the VV scattering by using Eq. (6) for the A 1 (z)-symmetry of PNRs. According to this result, VH-CP belongs to E(x,y)-symmetry and VV-CP belongs to A 1 (z)-and E(x,y)-symmetries while A 1 (z) is dominant.
In this step, the VH-and VV-CPs in the PMN-56PT single crystals have been discussed by the results obtained from the Brillouin scattering. Both the VH and VV scattering measures the change in the off-diagonal and diagonal contribution of the dielectric tensor and thus suitable for the study of PNR dynamics. Cooling from the high temperature above T B , as seen from Fig. 7(a) , the important feature is the strong and narrow CP in the VV geometry accompanied by relatively weak CP in the VH geometry. This result indicates that, at high temperature range above T B where there is no PNR, the off-center ions can reorient freely without restriction. Rapid 180° reorientations of the off-center ions causes the dominance of the VV component of CP over the VH component due to symmetry consideration 40 . This feature is similar to the case of pure PMN and PZN-PT which display a persisting VV component of CP at high temperatures up to 900 K [42] [43] [44] . Lowering of the temperature leads to the appearance of the polar clusters near T B , restrictions of the 180° reorientations, where the intensity of CP begins to increase. The growth of the CP in the VH scattering geometry at about T B indicates that off-diagonal components of the polarizability tensor develop around this temperature and therefore, influence the VH scattering. Near T*, the intensity of the CPs increases rapidly indicating the local phase transition from dynamic to static PNRs begins to take place. At this temperature, the permanent PNRs appear with local strain fields. Upon further cooling, both the VH-and VV-CPs increase toward T C-T which may be attributed to the increase in size of PNRs as well as to the correlation between PNRs due to the enhanced ferroelectric instability. Although both the VH-and VV-CPs increase as the temperature approaches to T C-T , the intensity of the VH-CP increases rapidly while that of the VV-CP increases gradually.
It is well known that the VH scattering arises from non-totally symmetric vibrations, and in particular oxygen octahedral rotations 30 . Thus, the rapid change in the VH-CP intensity confirms the contribution of oxygen octahedral rotations to the relaxor dynamics. A similar result was obtained in other relaxor ferroelectrics 30, 31 and it was suggested that on cooling, the correlation between off-centered ions in PNRs enhanced and their motion restrict in fewer equivalent [111] orientations, gradually losing the symmetric 180° fluctuations. In PMN-56PT, this mechanism is rather complicated because of the displacement of local Pb ions along [100] direction, and the B-site cations along [111] direction 9, 10 . It was reported earlier that near T*, the B-site cations move preferentially among the four sites in a plane leading to an effective displacement along [100] direction 27 . Therefore, when the cubic phase will be viewed from any of its fourfold axes, then an average local tetragonal structure will be seen by the correlated B-site cations displacement. In a paraelectric cubic phase, a similar symmetry breaking at the B-sites was observed 45, 46 . Therefore, now the correlations of the Pb displacements will affect the number of equivalent sites for the B-site cations. Since on cooling, Pb-Pb, and Pb-B correlations become stronger, therefore their motion will gradually restrict in [100], [010] and [001] directions similar to those observed in other relaxors where the motion were restricted in fewer equivalent [111] directions 30, 31, 43 . The switching among [100], [010] and [001] polarization directions can enhance the transverse polarization as indeed observed from the strong increase of VH scattering. The intense VH-CP over the VV-CP was also observed in PZN-11PT and attributed to the E-symmetry fluctuations of PNRs 29 . However, the authors did not describe the difference between the CPs observed in two different scattering geometries. Figure 8 represents a schematic illustration for the VH-and VV-CPs based on the switching of PNRs.
In lead based relaxor ferroelectric materials, especially in PMN-xPT, one of the important questions arises on PNRs about the upper limit of the PT content up to which the PNRs exist. A very weak diffuse scattering was observed due to the absence of PNRs in PMN-60PT single crystals 13 . However, Vakhrushev et al. reported on the basis of their high energy resolution neutron spin-echo spectroscopy results that the diffuse scattering in PMN is purely elastic and therefore, can be associated only with the static PNRs, not the dynamic one 47 . It was further suggested that the dynamic PNRs can be observed only in the case of very small scattering vectors which are inaccessible in the neutron and X-ray experiments 47 . Recent dielectric, Raman and Brillouin scattering studies on PMN-xPT single crystals with high-PT concentrations showed the relaxorlike behavior, indicating the possibility of the existence of PNRs in this high-PT composition [14] [15] [16] [17] 25, 26 . In addition, we have found a quasielastic CP centered near zero frequency in a PMN-56PT single crystal, which can be the direct evidence of dynamic PNRs.
The slowing down of relaxation time in dynamic PNRs is an intriguing topic in relaxor ferroelectric materials. In pure PMN, Vakhrushev et al. 48 and Al-Zein et al. 49 reported that near T B , a narrow CP appears due to a special transition or a change of dynamics from soft mode to PNRs. Therefore, below T B , the dynamics is governed by a relaxation of the PNRs 48 . In order to observe the relaxation process inside the PNRs, we measured the relaxation time of CP in both the VH and VV scattering geometries. Interestingly, we observe a very clear difference in relaxation times below T B as shown in Fig. 7(b) . To explain the difference between the relaxation times observed in VH-and VV-CPs, we consider the flipping motions of the polarization inside a PNR, as suggested by Tsukada et al. 50 . The longitudinal fluctuations occurs without any change of local shear strain in the PNRs while the local shear strain changes in transverse fluctuation 51, 52 . Therefore, the faster relaxation process in VV scattering can correspond to the longitudinal fluctuations of PNRs, while the slower relaxation process in VH scattering can correspond to the transverse fluctuations of PNRs. It is because the motion accompanying shear strain can be slower than that of accompanying longitudinal strain 51, 52 . As a consequence, the activation energy of the longitudinal fluctuations can be smaller than that of transverse fluctuations.
In order to determine the activation energy of PNRs, we have fitted the relaxation times in both the VH-and VV-CPs by Eq. (9) as shown in Fig. 7(b) . The values of the activation energy, H 0 , determined from the fittings are H 0T = 0.52 eV for CP in VH scattering and H 0L = 0.26 eV for CP in VV scattering. H 0T and H 0L correspond to the activation energy of transverse and longitudinal polarizations switching, respectively. It is seen that the activation energy is double in the VH scattering compared to that of VV scattering. The higher value of the activation energy is attributed to the fast growth of PNRs since the activation energy is assumed to be proportional to the volume of PNRs in this model. As a result, transverse polarization switching tends to freeze towards T C-T in order to stabilize the tetragonal structure. The values of the observed H 0 are plausible as they are of same order of magnitude as those obtained for PMN-35PT and PZN-20PT 28, 53 . On the other hand, the values of the attempt frequencies υ 0 ( = 1/2π τ 0 ) are υ 0T = 8.8 × 10 11 Hz and υ 0L = 5.5 × 10 11 Hz, corresponding to transverse and longitudinal fluctuations, respectively. Since, the activation energy in transverse fluctuation is higher, therefore, the attempt frequency should be higher compared to longitudinal one as indeed observed from the fittings. These values are in the order of typical Debye frequencies and therefore, justify the fitting procedure based on the modified superparaelectric model.
In summary, we have studied Raman and Brillouin scattering on Pb-based ferroelectrics with weak RFs focusing on CPs. The depolarized (VH) and polarized (VV) CPs observed in Raman spectra indicate the local tetragonal symmetry of PNRs with the point group 4 mm which is different from local rhombohedral R3m symmetry with strong RFs. In Brillouin scattering, at around T B , the motion of the off-center ions gives rise to the reorientational dynamics of local polarization in PNRs which was seen directly through the evolution of the VH-CP. The switching motion of local polarization in PNRs was gradually restricted towards [100], [010], and [001] directions upon cooling, leading to the strong increase in the VH-CP intensity. By the analysis of the modified super paraelectric model for the VH-and VV-CPs, the higher activation energy of the transverse fluctuation was obtained in the VH-CP. Due to the higher activation energy, the remarkable slowing down of the transverse fluctuation towards T C-T was observed. The present study will give a new insight into the role of PNRs in not only Pb-based relaxors but also disordered materials with RFs.
Methods
Raman scattering. The perovskite single crystals PMN-56PT and PMN-17PT were grown by modified Bridgman method 54 . Samples were cut into (100)-oriented platelets, which were polished to optical quality. The spectra were measured in back scattering geometry 55 . The sample was put inside the temperature controlled stage (Linkam) on the xyz mapping stage (Tokyo Instruments) installed in the microscope (Olympus). Linearly polarized incident light from a diode-pumped solid-state laser (Coherent) with a single-frequency operation at 532 nm and a power of 150 mW traveled to the sample through a polarization rotation device (Sigma Koki) equipped with a broadband half-waveplate (Kogakugiken). Corresponding to the rotation of the half-waveplate by θ /2 with respect to the optical axis, the polarization plane of incidence is rotated by θ degree. Moreover, the polarization direction of scattering light, propagating in opposite direction of incident light, is rotated by -θ degree. The intense elastic scattering is eliminated by two volume Bragg gratings so called "ultra narrow-band notch filters" (Opti Grate). The inelastic scattering light was dispersed by a single-monochromator (Lucir) and the dispersed component was detected by using a charge coupled device (CCD, Andor). In the present study, the polarizer was set to be parallel (VV) and cross nicol (VH) geometries, respectively.
Brillouin scattering.
A micro-Brillouin scattering system with a 3 + 3 pass Sandercock-type tandem Fabry-Perot interferometer (FPI) was used to measure the Brillouin spectra with a free spectral range (FSR) ± 300 GHz over a wide temperature range from 298 K to 773 K. The exciting light source was a single frequency diode pump solid state (DPSS) laser with a wavelength of 532 nm and a power of about 100 mW. Each polarization of the scattered light, x(yz)x (VH) and x(zz)x (VV), was measured separately by placing a circular polarizer in front of the entrance slit. The temperature of a sample was controlled by using a heating/cooling stage (THMS600, Linkam) with a stability of ± 0.1 °C. In backward scattering geometry, there is often so much elastic light that the photon counting system is saturated and so no signal is available for stabilizing the interferometer. In this case, it is necessary to reduce the laser intensity while scanning through the elastic peak. In order to do so, a double shutter system is integrated into the optical system directly behind the entrance pinhole to the spectrometer. By using these shutters, the elastic scattering is cut in the range between − 60 to + 60 GHz. Since the frequency of the acoustic modes exist between this ranges, therefore, the elastic and acoustic contributions were not observed when measuring the CP.
